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ABSTRACT
The mechanisms for variations in static stability are inves-
tigated quantitatively. An expression for the local rate of change
of the lapse rate of equivalent potential temperature is derived,
and each term of the equation is explained heuristically. Several
of the terms are immediately neglected on the basis of order of
magnitude calculations. A single case of fairly intense destabili-
zation in the Great Plains during the spring was selected for study.
Twelve hour, three-dimensional trajectories were required for
the computations. Isentropic trajectories were infeasible because
one of the desired quantities was dO/*j . It was therefore neces-
sary to construct three-dimensional trajectories by adding the hori-
zontal displacement, obtained directly from the wind field, and the
vertical displacement, obtained from the divergence of the wind
field. The strong slope of the ground from the Mississippi River to
the Great Divide made low-level isobaric trajectories meaningless.
It was therefore decided to define "horizontal" as "parallel to the
ground."
The computations showed the vertical differential diabatic
heating to be the dominant factor in destabilization. However, the
sum of the other terms was as important as the heating term, and
several of the other terms had large values in isolated cases. The
observed and computed total twelve-hour changes of equivalent poten-
tial temperature lapse rate were compared and found to have a cor-
relation of +0.45. This reasonably good correlation gives credence
to the computed order of importance of the contributing terms.
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I. INTRODUCTION
A. General Comments on Instability
The aims of the research described in this paper were to determine
the relative importance of the various mechanisms for the local varia-
tion of atmospheric static stability and the accuracy with which they
can be computed. There are several, non-equivalent, measures of stability.
These include the lapse rates of temperature (T) , potential tempera-
ture (() , wet-bulb potential temperature ( ) , and equivalent poten-
tial temperature (8) . The popular stability indices of Showalter and
Galway are modifications and combinations of these lapse rates. The
interpretation of these stability measures is usually based on the be-
havior of a closed air parcel, which has been given an initial vertical
impulse. This is a very incomplete model of the genesis of convective
activity because the effects of viscosity, entrainment, and horizontal
extent of vertical motion are omitted. However, the model has been
found to be very useful because of the ease of measurement and the high
correlation of results with thunderstorm occurrence.
The motion of the air parcel depends on its density relative to that
of the surrounding atmosphere, which in turn depends on the relative
temperature of the parcel, since the parcel will remain at ambient pres-
sure. A non-saturated, rising parcel will cool at the dry-adiabatic
rate, so L will remain constant. If the parcel is saturated, it will
cool more slowly than dry-adiabatically because of the heat of vapori-
zation liberated during the condensation of water vapor. In this case,
and I, will remain constant. Thus the stability of the atmosphere
I I L I ~ ~,, ~ -r; ~- ~---~ ... ,- --...-~~__~ I-I~_.. ~~~~~il-~--
may be easily determined graphically by comparing the atmospheric
temperature to that of a parcel at the end of its forced vertical dis-
placement. The 0E lapse rate was chosen for study because it is more
general than the T and 9 lapse rates, and because 0  has a simpler
mathematical form than .
B. Past Research
Although instability is not sufficient for severe convective weather,
it is certainly characteristic and necessary. It is therefore of great
interest to operational forecasters. The index of instability currently
in use by the United States Weather Bureau is that of Showalter (1953).
This stability index (S.I.) is calculated by graphically lifting a parcel
from 850 mb. dry-adiabatically to saturation and then wet-adiabatically
to 500 mb. The temperature of the parcel at 500 mb is subtracted from
the ambient temperature, giving the value of the index directly. Showalter
has found that a S.I. between - 3 and + 3 will probably be accompanied
by showers or thunderstorms. A S.I. greater than + 6 is normally accom-
panied by convective showers only if the air is very dry at 500 mb.
Severe thunderstorms are indicated by a S.I. less than - 3, and tornadoes
are likely if the S.I. is less than - 6. In contrast to this tornado
prediction, Beebe (1958) has found that the average S.I. for 11 soundings
made within 50 miles and 1 hour of a tornado was - 2, with a range from
+ 1 to - 7.
The Showalter stability index was improved by Galway (1956). His
"lifted index' (L.I.) is calculated graphically by increasing the surface
temperature to the predicted maximum and averaging the mixing ratio for
I - _ .-...~-__~_1__1--1.~-_c~_l~.------
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the lowest 3000 feet. The condensation level is defined as the inter-
section of the average mixing ratio and the predicted potential tempera-
ture at the surface. This is based on the assumption that 0 is uniform
from the surface to 850 mb (near the cloud base) at the time of maximum
surface temperature. The parcel is then lifted wet-adiabatically to
500 mb and the L.I. is the result of subtracting the parcel's temperature
from the ambient temperature. One advantage of the L.I. over the S.I. is
its independence from anomalies at 850 mb. Another advantage is its
predictive quality, which is due to incorporating the predicted maximum
surface temperature. The correlation between L.I. (1500 Z) and S.I.
(2100 Z) is .86 with the correlation between S.I. (1500 Z) and S.I. (2100 Z)
is .71. This comparison and Galway's report that L.I. predicted a change
in S.I. from positive to negative between 1500 Z and 2100 Z in 107 out
of 112 cases show the predictive value of L.I.
The research of Fleagle (1946) had a similar structure to that of
the research described in this paper. His purpose was to evaluate the
causes of change in the temperature lapse rate. The expression analyzed is
where T represents temperature; t, time; M , vertical velocity; 1 ,
vertical direction; V , horizontal velocity; Y , ;and
the dry adiabatic lapse rate. This expression may be obtained by taking
the vertical derivative of
(T
4.
It may be inferred from (1) that the time rate of change of temperature
lapse rate is due to the vertical convergence of isotherms, the vertical
transport of lapse rate, and the vertical differential advection of lapse
rate. Fleagle obtained a correlation of + 0.35 between observed and
computed change of temperature lapse rate, but the errors were as large as
the computed values.
II. BASIC EQUATION
A. Comments on Equivalent Potential Temperature
The temperature lapse rate is a valuable measure of instability, but
it does not include the effects of water vapor. Fleagle could not work
with an expression including moisture changes because of sparse data. As
stated above, the present paper includes moisture as well as heating and
advective effects through the use of equivalent potential temperature.
The lapse rate of equivalent potential temperature is a good, though not
perfect measure of stability. It is inferior to the Stability Index and
6 -lapse-rate in that it depends on the amount of moisture present at
the top of the layer, which is not relevant to the relative density of
the rising parcel to its environment. The direction of this paper will
be toward studying the development, rather than the genesis, of cumulus-
type clouds. The sign of the O, lapse rate is a direct measure of the
stability of a rising, saturated parcel of air. Finally, the 8, lapse
rate is more amenable than the Stability Index to mathematical analysis.
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B. Derivation
From Poisson's equation, the Clausius-Clapegram equation, and the
first law of thermodynamics, one can obtain
(3) E e C
where L is the heat of vaporization of water; tr , the mixing ratio;
and C, , the heat capacity of water at constant pressure. The following
analysis is vastly simplified by the assumption that T is constant.
CPT
This may be justified by noting that percentage changes in LL will far
surpass those of T . Thus
kw-
where h is constant.
It follows that
(5) - d k k.- d w- C e n
dt dt 
Then
Expanding the derivatives,
-Z
Reversing the order of differentiation and rearranging terms,
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Combining the second and third terms on the right,
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where Vo is the horizontal gradient operator.
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Finally, taking the vertical derivative of (5) and using the defini-
tion of (7) , one obtains
(15) -E) -
n E
v. ( ~ + k ( 8 19)~ -
-Bi Ck -ee, v"".v8
+AAe' u4 + e az
This formidable equation can be made more meaningful by a short
description of each term, as in Table 1.
C. Order of Magnitude Calculations
Before the computations of the contribution of the nine terms of
(15) were begun, order of magnitude calculations were made to find the
terms which could be neglected initially. The standard values used
were near the maximum expected for each quantity. The standard values
decided upon were
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TERM
",57 a t
Z d
-e
dZ JC
Au he(Jt)
DESCRIPTION
Horizontal Advection
of Lapse Rate
Vertical Advection
of Lapse Rate
Vertical Convergence
of Lapse Rate
Differential Advection
of Moisture
Differential Advection
of Potential Temperature
Diabatic Heating
Non-Conservative
Moistening
Differential
Heating
Diabatic
Differential Moistening
EXAMPLE OF DESTABILIZING CONDITIONS
Horizontal wind from a relatively
unstable region.
Ascending air where the lapse rate
increases with increasing height.
Vertical convergence in unstable
(Alz o )region.
Influx of water vapor decreasing
with increasing height.
Increase of potential temperature
decreasing with increasing height.
y0, and diabatic heating.
z<0 , and non-conservative
moistening.
Decreasing diabatic heating with
increasing height.
Decreasing moisture increase with
increasing height.
TABLE 1
Description of Terms of Equation (15)
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Using these standard values, the orders of magnitude of the terms
in unit o ) e:(in units of ) are:
5 K/0-'
5, X/O'
/0-I
5- x/0-'
- 4- A~r -1-27
gek" rAJ 4
Pk k~-~i (~f)
5 X/0 -2
/00
/0-j
Thus, the error due to neglecting ' e Ur t
and is at least one order of magnitude
less than any of the remaining terms except O
which will be shown to be very unimportant.
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III. DESCRIPTION OF THE CASE SELECTED FOR STUDY
A. Reasons for Selecting this Case
The computations of the actual values of the terms contributing
significantly to the local time rate of change of a- , were
carried out for the time period between 14 May 1964, 12Z and 15 May 1964,
00Z, for the area bounded by Canada, Mexico, the Mississippi River, and
Salt Lake City. This case was chosen because of the relatively large
destabilization during this period in an area centered on North Platte,
Nebraska. Figures 1, 2, 3 and 4 show the stability index and -e
for the appropriate synoptic times. Also, the winds were more generally
westerly than in most cases of intense destabilization. The central
location and the westerly winds led to fewer trajectories ending the
the Gulf of Mexico. The Rocky Mountains, which cover the western half
of the region, created a major problem in analyzing and interpreting the
data, but this problem was overshadowed by the other factors.
B. Synoptic Description
The most important synoptic feature shown in Figures 5 and 6 is
a cold front extending southward from a cyclone located west of Hudson
Bay and moving eastward. The front was initially located in central
North Dakota, northwestern South Dakota and central Wyoming. During the
twelve-hour period, the front pushed southeastward into central Minnesota,
central Nebraska, and northern Colorado. In spite of the low stability
(S.I. = - 4 at LBF) and strong convergence at the front, the precipitation
in the region was limited to a few scattered light showers. More surprisingly,
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cloudiness was aiso minimal, allowing strong insolational heating.
An example of this heating near the surface is the 32 0 F temperature
rise at LBF in the twelve-hour period. Throughout the rest of the
region, the weather was singularly stagnant and constant over the
entire area.
IV. METHOD OF ANALYSIS AND COMPUTATION
A. Basis of Method
In order to calculate and , three-dimensional
trajectories were required. The usual method for finding three-
dimensional trajectories is to follow an air parcel along an isentropic
surface. This method had to be dismissed because of the intrinsic
assumption that dt , which negates any value of the trajectories
d tfor calculating d- . Another method considered involved the calculation
of vertical velocity with the use of the divergence of the wind field.
This vertical velocity was to be added vectorially to the isobaric velocity,
with a trajectory resulting. It was desired that the analysis extend to
the ground, which slopes uphill markedly from the Mississippi River to
the Great Divide. Since the surface pressure may average 1000 mb in the
plains and 850 mb in the mountains, a trajectory with an isobaric basis
may become meaningless unless the orographic part of the vertical velocity
is included in the computation. It was decided that a more straight-
forward way to attack the problem was to define "horizontal" as "parallel
to the ground". It was assumed that a parcel would travel parallel to
the ground unless influenced by a vertical (i.e. perpendicular to the
12.
ground) velocity, which could be obtained from the horizontal divergence.
Although the equation obtained for the change in lapse rate is strictly
valid only at a point in space and time, it was decided that in order to
be meaningful, the lapse rate change had to be computed for a layer of
the atmosphere. Ideally, the layer should extend from the surface to
at least 500 mb, but the layer was restricted to the lowest 2500 meters
of the atmosphere because this is the region of greatest change of lapse
rate. The terms involving advection may be evaluated using a wind field
and scalar ( O,w- ) field averaged vertically over the entire layer. The
obvious improvement in this gross approximation is to divide the layer
into sub-layers (the more the better), find the average wind and scalar
fields, and add (integrate) the resulting advection contributions. Except
very near the surface, the vertical density of wind data available pro-
hibited very fine resolution. The finest useful resolution is approxi-
mately 250 meters per sub-layer, if only teletype data are available.
The sub-layers used in the actual computations were 500 meters thick, but
250 meter sub-layers would probably have given more accuracy.
B. Vertical Velocity
The most questionable part of the computation procedure is probably
the evaluation of vertical velocity through the horizontal divergence.
This practice has long been questioned on the basis of too sparse and
too inaccurate wind data (see Charney, 1948). However, since 9 and Ur
vary significantly in the vertical dimension, purely horizontal trajec-
tories are not sufficient for the evaluation of di and t
Since the isentropic method of vertical velocity evaluation was unavailable,
I_ _
the divergence method was the only choice.
The basis of this method is the assumption that = 0 .
continuity equation
(16) at +ve 0
then implies that
(17) V 0 V -I + A (r)
Integrating vertically from 5 to
h
S5
'7. g
h (see Fig. 7),
Jz
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Expanding the integrand
(21) h
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DIAGRAM OF VERTICAL VELOCITY CALCULATIONS
14.
Since V7 has no vertical component,
(23) hh= 7 - h V. 1 7f
Then averaging from 5 to h ,
(24) nl j ) + V V.(,-i- } +
Therefore the vertical velocity at any altitude () may be calculated
if the vertical velocity at a lower altitude (5) is known. Since the
ground was defined to be horizontal, s can be assumed to be zero
at the ground. The vertical velocity at altitude k was computed step-
wise (in steps of 500 meters) from the ground.
The values of e in (24) were obtained from the U. S. Standard
Atmosphere. Percentage deviations from this standard are small and the
error of ratios of these values are even smaller. It was therefore
considered unnecessary to calculate c from the gas law. Using the
standard values, it was found from a broad sample that the , V.
term was negligible relative to the other terms.
The ratios and were found to be almost
constant (1.020 and 1.047 respectively) throughout the horizontal and
vertical extent of the region investigated. The calclation of vertical
velocity thus only involved the calculation of the horigntal divergence
and multiplication by several constant factors. The divergence at each
level was obtained from charts of LA and L components of the average
horizontal wind for each level. It might be argued that the wind measured
1
15.
is not usually considered parallel to the ground, but rather aloog sur-
faces of constant geopotential. This effect is negligible, however,
because the average slope in the direction of maximum slope is 1/1000.
The error in the teletype data from rounding off the wind measurements
to the nearest knot and nearest ten degrees is greater than the error
due to ground slope.
In obtaining the divergence, it is of course necessary to use finite
difference methods. A problem of interpretation arises when one attempts
to decide on the finite horizontal distance over which the divergence will
be averaged. The wind can vary greatly in speed and direction within a
very small region. Therefore, since 6U and AL are of the same order
of magnitude for horizontal distances of several miles or several thousand
miles, the average magnitude of the divergence depends entirely on the
horizontal distances 6-X and A . The interpretation of the diver-
gence and vertical velocity depends on the size of A 7 and AV .
Thus for AX = 100 ft., a strong convergence might be interpreted as a
"bubble" rising in a building cumulus cloud. On the other hand, the
average vertical velocity associated with a cyclone would require a AX-
of several hundred kilometers. In practice, the size of the horizontal
grid distance is limited by the density of data available. Panofsky (1951)
suggested that U and i- be averaged on the appropriate sides of a
500 km square and that -OO Am represent the divergence. He
chose 500 km for a grid distance so that every averaging process on each
side of each square would include several stations. kanders (1955) used
a grid distance of about 200 km and obtained reasonable values after
smoothing. Actually, it seems that as long as the grid distance is as
16.
great as the average station separation, smoothing the divergence
field has the same effect as using a larger grid distance.
The divergence in this research was calculated with a five-point
square grid, as below:
P A B
The finite-difference form of the divergence, + was
represented by U- ) - The vertical2. /80 n. mi.
velocity at altitude h was obtained from
(25) (h LTJ 5000m 1o020) (v 'V) + /.047 ns
The small error due to the curvature of the earth's surface has been
found to be negligible (Fleagle, 1946). Before the vertical velocity
was obtained from the divergence, the field of divergence was smoothed
by the smoothing operator, illustrated below:
S.
.-fI.180 ,,. , 1
The smoothed value of dv 1  is di -din di rx d,
The vertical velocity fields were not smoothed. Several examples of
the pattern of vertical velocity obtained are shown in Figures 8, 9
and 10 in relation to the surface front.
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C. Construction of Trajectories
Trajectories for the evaluation of the terms involving dt dt
and advection were constructed from the field of estimated weighted-
mean wind for each sub-layer. The parcel paths were extended backward
in time along the direction of the wind, which was drawn by eye, with-
out the use of the streamfunction. The trajectories ended at radiosonde
stations and other points strategically placed among the stations. The
paths were extended three hours in the 0000 Z wind field, six hours in
the 1800 Z wind field, and three hours in the 1200 Z wind field. The
distance traveled was obtained stepwise, hour-by-hour, from the wind
speed field. The vertical progress of the parcel was found by comparing
the vertical velocity field with the trajectory path. It had been hoped
that the accuracy of the three-dimensional trajectories could be im-
proved by switching the wind field when the parcels entered another
sub-layer. However, the vertical velocities were so small that none
of the parcels reached another sub-layer within the twelve-hour time
period (except in the top sub-layer, above which the wind was not analyzed).
The value of , for the differential advection terms, was computed
by subtracting vectorially the wind at the base of a sub-layer from the
wind at the top. The terms were then calculated just as the other hori-
zontal advection terms, with replacing the wind. Although
the terms of (15) are readily understandable with reference to a point
in space and time, their interpretation and evaluation are greatly com-
plicated when they are considered for a 2500 meter vertical distance and
a twelve-hour time period. In general, the finite-differences for the
terms whose evaluation involved trajectories were non-centered. That is,
_I_ _~ ___ I _ __II__~~ ~_I_~ __~~~ _II ~
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the stations for which calculations were made were situated at the
end of the trajectories. This non-centered scheme was used because,
by the nature of advection, the desired result is the comparison be-
tween the values of a quantity at the station at the beginning of
a time period and the end of the time period.
D. Detailed Description of Computations
Further generalities about evaluation methods would probably
create confusion, so detailed descriptions of the methods used
for evaluating each term of (15) are listed below:
(A) - V. v0
at each sub-layer, at 1200 Z, at the end of each trajec-
tory was subtracted from at the beginning of the trajec-
tory. The differences obtained were summed vertically, and
the result was applied at the end of the trajectory.
(B-) e k  _ z "U oR -e -V.
at each sub-layer, at 1200 Z, WL (or 6 ) at the end of
each trajectory was subtracted from Ur (or ) at the
beginning of the trajectory. The differences obtained were
summed vertically, and the sums were applied at the end of
each trajectory. The final result for-1Ae ' "* . r was ob-
tained by multiplying the vertical sum by 15000 C, a standard value for
_I~_ ~ ______I I ~
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(C) eA t (-) OR Ohketr 4( uj)
At the highest and lowest sub-layers, /zoo- (or i o2 ,, 0 1  ) at
the beginning of each three-dimensional trajectory was subtracted
from o,,,z (or ooo a ) at the end of the trajectory. The
resulting d ( OR d- ) at the lowest sub-layer was sub-
tracted from - -OR L- at the highest sub-layer.
Then assuming that the vertical rate of change from the ground to
2500 meters is the same as that in the vertical distance ( e)
between the ends of the trajectories, the results were multiplied
by . The final results were obtained by multiplying
the previous results by 1500, a standard value of * ekC
(D) - a)
after 1200 Z the difference between eZ' at each sub-layer and
Az for the sub-layer directly above was multiplied by the ver-
tical velocity at the junction of the two sub-layers. Each product
was multiplied by -6(hours). These results were added to results
obtained similarly for 0000 Z, and were then summed vertically.
Finally, for consistency of units, each result was multiplied by 10- 2
(E) -
at 1200 Z, the difference between n at the base of each layer and n
at the top of the layer was multiplied by -~ of the layer andat thelyr n
~IIILI IIl--~C Itl l--._--~-*_ .__
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by - 6(hours). The sum of this product and that obtained similarly
-2
for 0000 Z were multiplied by 10-2 (for unit consistency) and these
products were summed vertically.
It should be emphasized that the values of meteorological variables at
1800 Z and 0000 Z were obtained by measurements rather than from pre-
dicted values.
V. RESULTS
As mentioned above, some (twelve) of the trajectories end at radio-
sonde locations while fourteen ended in arbitrary locations. The re-
sults showed greater correlation between measured and computed values
of 6 - for the calculations associated with radiosonde stations
than for the others. This can be attributed to the error due to the dif-
ficulty in evaluating temperature, moisture and wind at locations far
from radiosonde measurements. Therefore, in spite of the decrease in
sample size, the results will be discussed in terms of the twelve radio-
sonde stations unless otherwise specified, because these are considered
more representative of the actual process.
Figures 11 and 12 and Table 2 allow a comparison of the observed
change and the measured change of -y- . This gives a good indication
of the accuracy of the results of the individual terms. The correlation
between the observed and computed values was found to be + 0.45. It
may be noted that the results at two of the stations (LBF and ABQ) showed
no agreement whatsoever. It may (or may not) be significant that when
these two failures are neglected, the correlation jumps to + 0.68.
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/
STATION/
LNID
/RAP
: LBF
OMA
TOP
DEN
GJT
DDC
ABQ
AMA
OKC
MAF
OBSERVED
C
12 hr - 2500 m
-15.0
-10.0
-27.2
-15.2
-09.5
-10.6
-10.4
-24.7
-12.7
-15.2
-17.5
-12.3
COMPUTED
C
12 hr - 2500 m
-15.3
-19.2
-10.5
-14.4
-05.5
-11.2
-11.7
-28.7
00.5
-17.1
-16.1
-04.9
TABLE 2
Observed vs. Computed Total Lapse Rate Change
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The contributions of each term of (15) are shown in Figures 13
through (19) and in Table 3 (Figures 13 through 19 are analyzed for all
computed points, not just radiosonde stations). As might be expected,
the differential heating term is by far the most important. About one-
third as important are the horizontal advection of lapse rate, the
differential advection of potential temperature, and the differential
moisture change. The differential moisture advection and the terms
directly involving vertical velocity were unimportant at most stations.
The algebraic averages show the differential heating to be the only
term which consistently tended to destabilize. All other terms showed
roughly equal positive and negative contributions and are therefore non-
diurnal. These other terms had standard deviations as large as the
magnitudes of the contributions.
The importance of the layers near the surface to the variation
of stability is shown in Table 4. All terms involving horizontal advec-
tion showed marked decreases of contributions with height. This general
decrease and the general increase of vertical velocity with height should
lead to a relative increase in importance of the terms directly involving
vertical velocity if the layer of computation were made thicker.
d6 dwTable 5 gives a break-down of and dt- into theirdt dt
horizontal, vertical and time components. It was found that vertical
advection played a small role, and therefore, that the construction of
three-dimensional trajectories was virtually unnecessary, with the ver-
tical resolution used.
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STATION
LND
RAP
LBF
OMA
TOP
DEN
GJT
DDC
ABQ
AMA
OKC
MAF
Average
Magnitude
Algebraic
Average
Standard
Deviation
-0.6
-1.6
-2.3
0.4
0.9
1.1
-1.3
-7.8
6.7
-12.2
-7.2
2.2
3.7
-1.8
4.8
-0.1
1.8
2.0
0.3
0.1
0.1
-0.4
0.7
-0.1
-0.2
1.8
0.5
0.7
0.5
0.8
0.8
0.1
-0.5
-0.6
-1.0
0.2
-0.7
0.9
-0.2
0.4
-0.5
1.8
0.6
0.1
0.8
TABLE 3
Contributions from Terms of Equation (15)
bE ~ e,____ u- kw(- Pz -
0.0
-2.4
-0.6
3.5
3.2
0.0
0.5
-10.1
-1.9
-1.9
0.5
-2.9
2.7
-1.0
3.3
-3.0
-2.1
-1.9
-4.2
2.2
-0.3
3.5
1.1
7.2
14.1
-11.4
7.0
-3.0
-4.3
5.0
2.3
5.0
2.0
-2.8
-2.0
-1.0
-5.3
8.5
1.5
3.6
0.5
4.0
-09.4
-10.7
-12.2
-16.1
-15.9
-14.3
-10.5
-11.5
-10.2
-12.0
-07.8
-15.0
12.1
-12.1
2.5
4.8
1.0
6.3
_ li------- ~_~___~ .__.~ LIIC~C~_-iI;;~m~i- --- ---
9h - -- 4 0 t
LEVEL 1 LEVEL 2 LEVEL 3 LEVEL 4 LEVEL 5
-V .v
- ei A( U6e w ' s
Variation of Average Magnitude of
Contributions with Height
(lowest) (highest)
3.25
1.54
2.37
2.34
1.20
1.86
2.49
0.51
1.09
1.12
0.48
0.65
0.07
0.27
0.00
TABLE 4
TERM
STATION
LND
RAP
LBF
OMA
TOP
DEN
GJT
DDC
ABQ
AMA
OKC
MAF
Average
Magnitude
Algebraic
Average
LOWEST LEVEL
VMVM9 n j
2.7
7.1
-3.0
0.7
0.6
-1.9
0.5
-2.4
-0.2
4.0
2.4
2.1
0.9
0.6
4.5
0.6
0.1
1.6
0.7
1.4
0.4
1.1
-0.5
0.0
2.2 1.0
5.8
-0.1
8.5
10.6
9.7
13.2
8.1
11.0
8.8
6.7
7.1
9.3
8.2
1.0 1.0 8.2
HIGHEST LEVEL LOWEST LEVEL
\_"fl' f i6r-
0.0
0.0
0.0
-4.5
-6.3
-1.1
0.5
-0.5
-0.1
2.0
-2.1
0.2
0.3
0.4
0.4
1.7
1.4
0.2
0.0
0.7
0.2
0.2
1.5
0.3
2.1
-1.5
0.2
3.6
2.2
3.2
2.3
0.4
2.2
0.3
2.8
0.0
1.6 0.6 1.7
-1.1 0.6 1.5
0.0 -0.ur 0.8
0.0 -0.2 0.8
0.8 -0.2 1.8
-0.6 -0.6 2.5
-2.3 -0.3 3.6
+1.0 0.0 0.2
-0.6 -0.2 1.1
+0.2 0.0 -0.8
-0.6 -0.1 0.7
-1.7 0.0 -0.8
-2.5 -0.6 -0.3
-0.7 -0.2 3.6
-2.1 0.0 0.4
1.1 0.2 1.4
-0.8 -0.2 1.1
-0.2 -0.1
0.1 0.0
1.0 0.0
-0.6 -0.6
-1.0 -0.4
-0.4 -0.2
0.2 0.0
1.1 0.9
-0.3 0.0
1.4 -0.1
0.0 -0.6
0.4 0.0
0.5 0.2
0.2 -0.1
TABLE 5
Comparison of Contributions to Individual Time Derivatives
0.1
1.7
-0.1
0.4
3.1
0.9
0.2
-2.2
-0.2
0.1
-0.6
0.4
0.8
0.3
HIGHEST LEVEL
V_,_
22.
VI. DISCUSSION OF RESULTS
A. Physical Processes
The very mixed contributions from the horizontal advection of
lapse rate is a result of the wide variation of lapse rate over rela-
tively small areas. Therefore this term, unlike the differential heating
term, cannot be predicted qualitatively.
The larger value of the differential heating term can be attributed
to vertical turbulent exchange initiated by intense insolation at the
ground. It has been well documented that the amplitude of the diurnal
temperature variation decreases with height. This accounts directly
de
for the destabilization. The advection part of - thus only
amplifies or damps the basic oscillation.
The existence of non-zero values for -t (average magnitude
0.76 gm/kg) is somewhat surprising because the mixing ratio has always
been considered a good ttace quantity. The mixing ratio is conservative
when condensation, evaporation and turbulent exchange do not occur.
There is some evidence that turbulent exchange might have had a signi-
ficant effect. This is suggested by the general instability in the
region and the fact that the average mixing ratio of the region increased
during the period. However, there was no evidence of a characteristic
decrease of amplitude with height, which would have given a general
destabilization. Comparison of Figures 8 and 20 and 9 and 21 show
little correlation between vertical velocity and d t , whereas
lifting would be expected to be correlated with condensation (negative
S). dur
7 ). The other possible source of non-zero -t is trajectory
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error. The insufficiency of the other possibilities suggests that this
may be important.
The differential advection of potential temperature term e V*
is zero under the hydrostatic and geostrophic assumptions. Since the geo-
strophic assumption is least accurate in the friction layer near the
ground, it may be expected that the contribution from this term would
decrease with height. As stated above, this is well borne out by
Table 4. In fact, there is no contribution in the top sub-layer. It
should also be stated that this decrease with height is also due to a
decrease in I" .)z
B. General Error Analysis
A very important part of analyzing the results of any research
is the consideration of sources of error. This is particularly impor-
tant for research of the kind reported here because of its preliminary
nature. It is hoped that not only the data obtained, but a criticism
of the methods used will be of value to future research.
All sources of error in this research may be classified under either
finite difference techniques or sparsity of data. These restrictions may
affect the vertical, horizontal or time resolution of the computations.
The horizontal and time restrictions can be affected very little by the
researcher's methods. The only solutions to these problems are more
stations and more frequent measurements. The sparseness of stations can
lead to large errors in the determination of vertical velocity, because
the divergence is very sensitive to small-scale wind variations or errors.
($anders, 1955, has shown that a five percent error at one end of a
_ _ _I _ ^_ _
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finite-difference interval leads to a twenty percent error in the diver-
gence.) The other great problem with horizontal resolution is the
assumption of linear variation of a variable between stations. Although
this assumption may be entirely unjustified, it is the only feasible
method of interpolating in the absence of supplementary knowledge. Also,
in many cases, even linear interpolation is ambiguous (e.g., if the
observed values at two opposite corners of a square of station are high,
while the other two are low, the value in the center of the square is
indeterminate). Poor horizontal resolution causes trajectory errors
because of uncertainty in wind speed and direction. The measurement of
9 or tr at the ends of a trajectory may also be in error.
The six-hour time resolution currently available can introduce very
large errors into trajectory construction, for the wind is very seldom
constant over this period. It is entirely possible that a small failure
in one part of the trajectory can place the parcel in a part of the flow
of the following period completely opposed to the correct flow.
The resolution of the vertical dimension can be usefully manipulated
by the researcher, though not without limit. If only teletype data is
available, very fine resolution would be fruitless, though not destruc-
tive. However, if the original radiosonde traces are available, the
highest useful number of sub-layers into which the layer may be divided
is limited only by the magnitude of other, independent errors. As noted
above, the contributions of vertical advection to do and dt
were found to be small. Thus the error due to vertical interpolation
of 9 and Wr is negligible, even for a coarse vertical grid.
Danielsen's (1961) comparisons of horizontal and three-dimensional
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trajectories give an indication of the importance of varying the hori-
zontal velocity component with height. Danielsen found the end points
of some isentropic and isobaric trajectories with common starting loca-
tions to be hundred of miles apart after only twelve hours because of
vertical wind shear. In the research reported herein, the sub-layers
were too thick to allow parcels to travel from one sub-layer to another
and the vertical wind shear effect was lost. The obvious desirable
modification is to decrease sub-layer thickness.
The accuracy of the terms involving -j, also involves sub-
layer thickness. Of course, the thicker the sub-layer is made, the
greater will be the error. Another argument for fine vertical resolu-
tion is the error introduced into the horizontal advection of lapse
rate by the imposition of a vertically averaged wind. As stated above,
a large difference was found between advection in a unified 1000 meter
layer and the summed advection of the two 500 meter layers comprising
the thicker layer. A very general problem involving sub-layer thickness
is the vertical averaging of every quantity used. The greatest error
probably involves the vertical wind averages, which affects both horizontal
trajectory construction and vertical velocity calculations.
C. Analysis of Two Failures
An inspection of the calculations for the complete failure at LBF
revealed no unusual circumstances which could free the method of calcu-
lation from blame for the failure. For example, there were no instances
in which the end of a trajectory fell in a region of strong gradient of
the quantity being advected. Neither were there any cases of discontinuity
__ _Il LII-tl~-ll-~ll~--- II1I1I _^1~.-__.~.
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between values of contributions at LBF and at surrounding stations.
One possibility considered for the large error was an insensitivity in
measurement in the lowest sub-layers because half of the lapse rate change
at LBF occurred in the lowest sub-layer. However, separate calculations
of the contributions for the top four sub-layers and for the lowest sub-
layer showed the error to be in the top four sub-layers. Thus for lack
of evidence to the contrary, the failure at LBF must be attributed to an
unfortunate coincidence of errors in each term of (15). The failure at
ABQ was probably due as much to observation failure as to calculation
error, because of the unmeasurably low humidity.
A persistent problem in meteorological analysis has been the disrup-
tive effect of mountains. On the basis of the small sample of results,
the attempt to eliminate this problem by intrinsically including the
sloping character of the terrain was unsuccessful. The correlation be-
tween observed and computed values of the destabilization for the stations
in, and affected directly by the mountains was 0.19, while that for the
plains stations was 0.55
VII. CONCLUSIONS
Though this research may give some insight into the processes in-
volved in destabilization, it is of no direct help in prediction because
the prediction of three-dimensional P and ur fields were necessary
for evaluation. Of course, if these fields could be predicted, the future
lapse rate could be directly calculated. For the present then, a crude
prediction like the Lifted Index must be accepted. However, the research
_I __l_^__lj ^_~____1^_~ _I ~_ ~ ___I
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shows that while the differential local heating destabilization predicted
by the Lifted Index gives an average regional value, the other factors
are important enough to determine whether local instability will be
severe or mild. An approach to prediction which might be fruitfully
investigated would be similar to that reported here, but with the twelve-
hour average values obtained from trajectories replaced by instantaneous
calculations of velocity multiplied by scalar gradient.
Modifications of the analysis method are currently under investigation
by the author, and the results will be reported soon. The major changes
are the extension of the layer from the ground to approximately 500 mb,
and finer vertical resolution near the ground, becoming coarser with
height, reflectiyng the decreasing vertical variability of wind, and
U/ with height.
28.
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